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I. Background and Objectives

Resonance enhanced multiphoton ionization (REMPI) utilizes laser radiation

to prepare a molecule in an excited state via absorption of one or more photons and

to subsequently ionize that level before it decays. A remarkable feature of REMPI

is that the very narrow bandwidth of laser radiation makes it possible to select

a specific rotational level in the initial (ground) state and to prepare the excited

state of a species of interest in a single rotational level. Thus, by suitable choice

of the excitation step, it is possible to selectively ionize a species which occurs in

very minor concentrations, without ionizing any other species that may be present.

This conversion of optical selectivity into chemical selectivity makes REMPI one of

the most powerful tools for ultrasensitive detection of species. Other applications

of REMPI include its use in studies of state-selected chemistry and for exploring

excited-state chemistry and physics. Coupled with high-resolution photoelectron

detection, REMPI also provides ion rotational distributions for ionization of single

rotational levels of excited electronic states.

Although REMPI has the distinct advantage that a single rotational level of

an excited state of a molecule is ionized and that it can be achieved with pho-

ton energies less than molecular ionization potentials and consequently at more

convenient wavelengths than the vacuum ultraviolet (VUV) photons required for)r

single-photon ionization, studies of single-photon ionization of ground states of jet- 1

cooled molecules by coherent VUV and extreme ultraviolet (XUV) radiation are Li

highly complementary to those of REMPI. The tunable coherent radiation required

f o r t h e s e s t u d ie s c a n b e r e a d ily p r o d u c e d b y t h ir d -h a r m o n ic g e n e r a t io n a s w e l l a s / ............ .. . ..... . ......

by four-wave sum or difference frequency mixing.' A Cc'es
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The objective of our work has been to carry out quantitative theoretical studies

of resonance enhanced multiphoton ionization of molecules and molecular fragments

and single-photon ionization of such species by coherent VUV radiation so as to

provide a robust description of key spectral features of interest in related experi-

ments and applications and needed insight into the underlying dynamics of these

spectra. A major focus of our work has been on joint theoretical and experimen-

tal studies of these laser-driven ionization processes. Many of these collaborations

with experimental groups in the US, Canada, and the Netherlands stem primarily

from the recent development of a technique, based on the detection of threshold

or zero-kinetic-energy (ZEKE) photoelectrons resulting from pulsed field ionization

(PFI) of very high Rydberg states lying below an ion rotational threshold, which

makes it possible to obtain ion rovibronic state distributions with sub-wavenumber

resolution.2 The unprecedented resolution of this technique (1 cm-' or better) is

opening up entirely new vistas in studies of ion spectroscopy, state-selective chem-

istry, and photoionization dynamics. Emerging applications built on the ultrahigh

resolution of this technique include its use for accurate determination of thermo-

chemically important ionization potentials, for characterization of ion rovibrational

level structure of large organic molecules, elemental clusters, and weakly bound

molecular complexes, and as a probe of nascent internal energy distributions of

transient radicals.' This surge of experimental activity raises new theoretical chal-

lenges which have increasingly become the focus of our work.

II Highlights of Accomplishments

In this section I will review the progress we have made in our studies of ion

rotational distributions resulting from REMPI of molecules and from single-photon
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ionization of jet-cooled molecules by coherent VUV and XUV radiation. This review

is not intended to be exhaustive but to highlight the significance of our objectives

and accomplishments and to illustrate the insight our studies provide.

Although we will not discuss the quantum mechanical formulation and compu-

tational procedures used to obtain the molecular photoelectron orbitals and pho-

toionization matrix elements needed in these studies,4 it is essential to recognize that

the rotationally state-selective studies of interest here require the use of molecular

photoelectron orbitals which correctly incorporate the angular momentum coupling

present in these orbitals. In contrast to atomic photoelectron orbitals, molecular

photoelectron orbitals are not angular momentum eigenfunctions but contain ad-

mixtures of angular momenta. This coupling of angular momenta is brought about

by the torques associated with the nonspherical potentials of molecular ions in which

the photoelectron moves. This simply reflects the fact that as the photoelectron

scatters off the ion core, its angular momentum (t) as well as that of the ion core (J)

changes. These angular-momentum changing collisions between the photoelectron

and the ion clearly play a crucial role in determining ion rotational distributions.

In these studies the molecular photoelectron orbitals are obtained as solutions

of a one-electron Schr6dinger equation containing the Hartree-Fock potential of the

molecular ion Vio,, (r, R),

1 k
V 2 +Vi.. (r, R) - k-)?/44-) (r,R) = 0, (1)

where tp is a partial wave component of the photoelectron orbital *-) The

Ol. satisfy scattering boundary conditions and must be obtained numerically. We

actually obtain these orbitals using an iterative procedure, based on the Schwinger

variational principle, to solve the integral equation associated with eq. (1).' The



procedure is numerically stable even at the very low photoelectron energies (- 0.05

eV) often of interest in these studies.

(a) Resonance Enhanced Multiphoton Ionization of Molecules and Fragments

As our first example we look at the rotational distributions of ions for (2+1)

REMPI of the NH and OH radicals."'6 Fig. 1 shows (a) measured and (b) calculated

rotationally resolved photoelectron spectra along with (c) calculated photoelectron

angular distributions for (2 + 1) REMPI via the R(12) branch of the f'H (3pa)

state of NH for the v+ = 0 and 1 levels of the ion. In these spectra the spin-orbit

components of the X 211 state of NH+ and the parity components of the resonant

and ionic states are not resolved. The calculated spectrum is also convoluted with

a Gaussian detection function having a full-width at half-maximum (FWHM) of

30 meV. The most striking feature of these spectra is the appearance of strong

AN = N+ -N = even peaks, particularly for AN = 0, for photoionization of this

3pa Rydberg orbital of NH. On the basis of the simple selection rule AN + f

= odd,' these even AN (= 0,± 2) peaks must be associated with odd (t = 1,3)

angular momentum components of the photoelectron matrix element. With its

67% p character one would expect significant contributions from the f = 0 and 2

components of the photoelectron matrix element for ionization of this 3pa Rydberg

orbital and hence strong odd AN peaks.

It is clearly important to identify the underlying dynamical reason for the un-

usual behavior seen in these ion rotational distributions. Detailed calculations of

these rotational distributions show that the strong even AN peaks in these spectra

are, in fact, due to the presence of a Cooper minimum in the t = 2 component
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of the photoionization matrix element.6 Such a Cooper minimum occurs at a pho-

toelectron kinetic energy where a specific angular monentum component of the

photoionization matrix element changes sign and goes through a zero. These an-

gular momentum components of the photoelectron matrix element are essentially

(a) a V, (b) a ov

1 13 II IS 13 Is IS 13 II Is 13iI 1"'
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-8 8 0

Fig. 1 (a) measured and (b) calculated photoelectron spectra along with the (c)
calculated photoelectron angular distributions for (1 + 1) REMPI via the R(12)

branch of the fIl (3pa) state of NH for the v+ = 0 and 1 vibrational bands. The
measured spectra are taken from ref. 5.
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the driving force for ejection of the photoelectron with a specific angular momentum

L. At a Cooper minimum a specific I component of this driving force is diminished

and hence corresponding ion rotational peaks, which are related to t through AN

+ f = odd, are weakened. Here depletion of the d wave (t = 2) contributions to

the photoelectron matrix element in the vicinity of the Cooper minimum weakens

the AN = odd peaks and subsequently enhances the relative importance of the odd

components (I = 1 and 3) of this matrix element and, hence, that of the even AN

rotational peaks.

Fig. 1 (c) shows the calculated photoelectron angular distributions for the ion

rotational levels in the spectrum of fig. 1. A significant feature of these spectra

is that the angular distributions for the AN = ± 1 peaks (N+ = 12 and 14) are

quite different for the v+ = 0 and 1 levels of the ion. This behavior is due to a

dependence of the photoelectron matrix element on internuclear distance which, in

turn, arises from a rapid evolution the 3pa orbital of the f lH state from predomi-

nant 3p character at smaller internuclear distance to 3s character at larger R. It is

surprising that this dependence is so evident for such low vibrational excitation.

Fig. 2 shows measured and calculated rotationally resolved photoelectron spec-

tra for (2 + 1) REMPI of OH via the 0,, (11) branch of the D 2E- (3pa) [figs. 2 (a)

and 2 (b)] and the 3 2E.- (4sa) [figs. 2 (c) and 2 (d)] Rydberg states.7 These spectra

again serve to demonstrate the significant influence that Cooper minima exert on

ion rotational distributions. Cooper minima have been predicted to occur in the d

(t = 2) wave of the ka and k•r continua for photoionization of the D 2 E- Rydberg

state but not in the 3 2 - state. The presence of these Cooper minima for the

D 2 - state accounts for the occurrence of strong AN = even signals in the photo-

electron spectrum in contrast to the AN = odd distribution expected for ionization
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Fig. 2. Experimental and calculated rotationally resolved photoelectron spectra

for (2 + 1) REMPI of OH: (a) measured spectrum for the D 2 - photoelectron

spectrum, assuming a Gaussian line shape with an FWHM of 30 meV; (c) measured
spectrum for the 3 2 E- (4so) state, v = 0 --+ v+ = 0, 0 1, (11) rotational branch;

(d) calculated 3 2E- (4su) photoelectron spectrum assuming a Gaussian line shape
with a FWHM of 35 meV. The labelling of peaks in the calculated spectra indicates

the change of rotational quantum number AN = N+ - N.
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of a 3po Rydberg orbital in an atomiclike picture, i.e., 3pa -+ ks, kd photoionizing

transitions. On the other hand, the photoelectron spectra for photoionization of

the 3 2'- (4sa) state of figs. 2(c) and 2(d) reveal a qualitatively different and much

broader distribution with prominent AN = even and AN = odd transitions. The

appearance of these spectra arises from greater e-mixing in this higher Rydberg

orbital (54% s and 43% p character at R = 2.043 a,).

Cooper minima can be expected to have far-reaching and wide-spread implica-

tions for the behavior of ion rotational distributions. For example, similar effects

in ion rotational distributions due to Cooper minima have also been predicted for

H2 0 and SiF. Furthermore, Cooper minima can also be exploited to achieve a high

degree of rotational selectivity in ion rotational distributions."

We have also studied the rotational distributions of HBr+ ions in their X 2 I1'/2

ground state for (2 + 1) REMPI of HBr via the S(2) branch of the F 'A 2 (Spir)

Rydberg state.' These studies were motivated by the measurements of Xie and Zare

in which the populations of the individual parity components of each ion rotational

level were obtained using laser-induced fluorescence.'O", Such measurements of ion

populations for individual parity components of a A doublet provide a very strin-

gent test of the underlying angular momentum make-up of molecular photoelectron

wave functions.9" 0 These spectra show a strongly (-) parity-favored ion rotational

distribution for photoionization of the (+) parity component of the J = 4 level

of the 5pxr Rydberg orbital of the F 'A 2 state which has about 97% p (t = 1)

character. These (-) parity-favored ion distributions can be readily understood on

the basis of pa'rity selection rules' 2" 3 and the dominance of the photoelectron ma-

trix element by its t = 0 and 2 angular momentum components for photoionization
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of this 5p~r Rydberg orbital with its 97% p character. Fig. 3 compares our calculated

.o 1.0 •
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Fig. 3. Rotational distributions of HBr+ for (2 + 1) REMPI via the S(2) branch

of the F A2 state: (a) measured distributions of ref. 16; (b) and (c) calculated

distributions of ref. 9 for the aligned and unaligned resonant states, respectively.

ion rotational distributions with the measured spectra of Xie and Zare.6 The photo-

electron energy is about 2.33 eV. Calculated spectra are shown for photoionization

of both the optically aligned J = 4 level (fig. 3(b)) and an unaligned J = 4 level

S . .. .. . . . . . •. mIII I9



(fig. 3(c)). The agreement between the calculated and measured ion distributions

is very encouraging.

Note that, on the basis of parity selection rules, 2",3 the 20% population seen

in the (+) parity component (cross-hatched bars) of the doublet must be due to

odd partial wave components of the photoelectron matrix element which arise from

angular momentum coupling in the molecular photoelectron. Examination of the

photoelectron matrix elements reveals that the Z wave of the 5pir --* k6 ionization

channel makes the dominant contribution to the population of these (+) parity

levels of the ion.' Such behavior is entirely nonatomic-like. Comparison of the ion

distributions for the unaligned J = 4 level with those for an optically aligned J =

4 level and with the measured spectra serves to illustrate that, although not large,

the effect of alignment can be important.

(b) Threshold Photoionization of Linear Molecules

We now highlight the progress we have made in out studies of ion rotational

distributions for single-photon ionization of diatomic molecules and fragments by

coherent VUV and XUV radiation. In contrast to the spectra discussed above

where the photoelectron energies were of the order of 1 to 2 eV, we now look at

ion rotational distributions for threshold photoionization where the photoelectron

energy is essentially zero. The measured spectra with which our calculated ion

rotational distributions will be compared in the two examples have been obtained

using a technique based on the detection of zero-kinetic-energy (ZEKE) photoelec-

trons resulting from pulsed-field ionization (PFI) of very high Rydberg states lying

below a rotational threshold. 2 This ZEKE-PFI technique makes it possible to ob-

tain ion rovibronic state distributions with sub-wavenumber resolution. Although
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these ZEKE techniques are limited to measurements of threshold photoionization

cross sections, this dramatic improvement in resolution over that of conventional

photoelectron certainly opens up new possibilities for studying photoionization dy-

namics, ion spectroscopy, and state-selected ion-molecule reactions. In fact, several

novel applications built on the ultra-high resolution of this technique have already

emerged.' 4 Measurements of ion rotational distributions for very low rotational lev-

els and at threshold photoelectron energies, which this technique makes possible for

a wide range of molecules, can certainly be expected to raise important theoreti-

cal challenges and to provide significant insight into the coupling of electronic and

nuclear motion inherent in the photoionization process.

Fig. 4 shows the (a) measured and (b) our calculated ZEKE photoelectron

spectra for single-photon ionization of rotationally cold NO X 2'11,2, (v" = 0 )

molecules leading to NO+ (X +,v+ = 1) by coherent VUV radiation."5 The

calculated ion rotational distributions assume a temperature of 5 K. These spec-

tra were calculated for a photoelectron energy of 50 meV and convoluted with a

Gaussian detection function with an FWHM of 2 cm-'. In this figure each branch

is associated with a letter designation which refers only to the change in angular

momentum apart from spin, i.e., AN = N+ - N". The label 1' denotes the N" =

1, P" = 1/2 level. The agreement between these measured and calculated spectra

is excellent.

To provide further insight into the underlying dynamics of these threshold

photoelectron spectra, fig. 5 (a) and (b) show measured and calculated ion rota-

tional branching ratios for photoionization of the N" = 1, " = 3/2 rotational

level of the X 2f1/ý ground state of NO. The data of fig. 5 (a) is extracted from

11
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Photon Energy (crn-')

Fig. 4. (a) measured and (b) calculated ZEKE photoelectron spectra for single-

photon ionization of rotationally cold NO (X 2IHI/ý) by coherent VUV radiation.
The calculated spectrum is for 5 K.

the measured photoelectron spectrum of fig. 4 (a) for rotationally cold NO where, in

addition to the N" = 1 level, a few other rotational levels are also populated. These

rotational branching ratios for ionization of this valence 27r orbital differ somewhat

from those generally seen in ZEKE spectra of Rydberg states. This behavior re-

flects the broad range of angular momentum components (t = 0, 1, 2, and 3) which
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Fig. 5 (a) measured and (b) calculated ZEKE photoelectron spectra for single-

photon ionization of the N" = 1,J" = 3/2 level of the X 21II/ 2 state of NO by

coherent UVU radiation.

make significant contributions to the photoelectron matrix element for this valence

orbital. Unusually strong s and d waves are predicted in addition to the p and

fpartial waves expected for photoionization of the 27r orbital with its 85% d (t =

2) character. These s and d components of the photoionization matrix element are

due to angular momentum coupling in the molecular photoelectron wavefunction.
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Fig. 6 shows the ZEKE photoelectron spectra for single-photon ionization of

rotationally cold CO (X 1E+ ) molecules by coherent XUV radiation.' 6 These

jet-cooled PFI spectra are for the v+ = 0 level of CO+ (X 2 E+ ). The cal-

culated spectra assume a temperature of 8 K and a photoelectron energy of 50

meV and are convoluted with a Gaussian detection function with an FWHM of

a (a) mea3ured

A

00
112980 113010 1I340 II37

j(b) () calculated

()4OLI~
(2) SI.3 S

a (3). U %

0 r'rTl, a t

a d5

r 1 1 $ Ia

32 a

1029,8 103010 103040 103o0o
Photon Energy (cm-')

Fig. 6. (a) measured and (b) calculated ZEKE photoelectron spectra for single-

photon ionization of rotationally cold CO (X 'E+ ) by coherent XUV radiation.

The calculated spectrum is for 8 K.
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2 cm- 1. The letter designation on each branch refers only to the change of angular

momentum apart from spin. The agreement between these calculated and measured

rotational branching ratios is excellent for all branches except the Q (A N = 0)

branch. This behavior is indicated by the broken scale in fig. 6(b). The strength of

the Q branches in these spectra is consistent with the parity selection rule, AN +

t = odd,12 and the atomiclike behavior for photoionization of the 5a orbital (45%

s and 25% d character). The origin of this disagreement between these calculated

and measured spectra is not yet clear.

(c) Threshold Photoionization of Nonlinear Molecules

Fig. 7 (a) shows the rotationally resolved ZEKE pulsed-field ionization spec-

trum of 120 recently reported by Tonkyn et al. for single-photon ionization of the

lb, orbital by coherent VUV radiation"'. This spectrum can be assigned to two

types of rotational transitions, corresponding to specific changes in the asymmetric

top angular momentum projection quantum numbers K. and Kc. Most of the strong

spectral lines could be classified as type c rotational transitions (AK. = odd, AK&

= even), but type a transitions (A K. = even, A K. =odd) are also clearly evident.

Fig. 7(b) shows our calculated ion rotational distributions for photoionization of

the lb, orbital of the X 'AA ground state of jet-cooled H20 leading to the X 2 B,

(000) state of the ion.1 ' A rotational temperature of 15 K is assumed in these calcu-

lations. Furthermore, we assume that there is no spin exchange taking place during

the jet-cooled expansion of room-temperature water. The calculated spectrum is

convoluted with a Gaussian detection function with an FWHM of 1.5 cm-'. The

agreement between the calculated and measured spectra is clearly encouraging ex-

cept for the calculated 000 -+ 212 transition which is somewhat stronger than that

15



of the measured value.

S(a) measured

0.0 ."-
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Photon Energy (czn-')

Fig. 7. (a) measured and (b) calculated ion rotational distributions for photoion-
ization of the 1b, orbital of the X ILA, ground state of jet-cooled H20. The a and
c labels indicate type a and type c transitions, respectively.

The underlying dynamics of these photoelectron spectra is quite rich. We have

shown that parity selection rules require that"6,"

AK. + I = odd, (2)

and

41A + A = AKb,, (3)

16



where jL is the photon polarization index in the molecular frame and A is the pro-

jection of t, the angular momentum of the photoelectron, in the molecular frame.' 9

Eqs. (2) and (3) assume that the molecular z axis coincides with the C2 symmetry

axis and the x axis lies in the plane of the molecule. The molecular x, y, and z axes

hence coincide with the a, c, and b axes, respectively. Since I + A is always odd

for photoionization of the lb, orbital of H2 0, it can be shown that'9

AK& + AK, = odd. (4)

Both type a and type c transitions are allowed and type b [AKa = even (odd) and

AK. = even (odd)] transitions are forbidden. Furthermore, eq. 2 shows that type a

transions (lo, Ooo,0oo - o 1 -- 202, and 11, -+212) arise from odd (almost

pure p) wave contributions to the photoelectron matrix element. These p waves of

the ka, and kb, continua are entirely molecular in origin since the almost p (99.7%)

character of the lb, orbital of water leads only to s and d photoelectron continua

in an atomiclike picture. The strong type c transitions in the spectra of fig. 7 arise

from s and d (even) components of the photoelectron matrix element.

Figure 8 shows the (a) measured2
' and (b) calculated 2' rotationally resolved

ZEKE-PFI spectra of CH3 (X 2 Aý) for single-photon ionization of the 1aq orbital

by coherent VUV radiation leading to the X 'A', ground state of the ion. The cal-

culated spectrum assumes a rotational temperature of 250 K and a photoelectron

kinetic energy of 50 meV and is convoluted with a Gaussian detection function with

an FWHM of 2.5 cm-'. The CH 3 and CH' are oblate symmetric tops , belonging

to the D3h point proup. For the D3h group, the total wave function of CH3 should

17
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Fig. 8 (a) measured and (b) calculated ion rotational distributions for single-photon
ionization of the l14 orbital of the k 'A,, ground state of jet-cooled CH3 leading

to the k" IA' ground state of the ion. The calculated spectrum is for 250 K and
has an FWHM of 2.5 cm-

have either A2 or A"' symmetry in order to satisfy the Pauli principle. The wave

functions for ortho and para species have A', (I = 3/2) and E' (I = 1/2) symmetries,

18



respectively. Since Friv o® rot D Ftota,,q the rotational wave function must have

A2 , A 2 , E', or E" symmetry. Therefore, the rotational levels belonging to A' and

A•' symmetries are not initially populated, i.e., levels with J = even, K = 0 and

the Al (K = 3n) level of the A, - A2 pair are forbidden. Due to the spin statistical

weigth of 4:2 between ortho and para species, the K = 3n + 1 levels (A2 or A"')

have a statistical weight twice that of the K = 3 n + 1 levels (E' or E").

Agreement between the calculated and measured spectra is very encouraging

in spite of some discrepancies due to rotational autoionization at negative AN tran-

sitions. Our calculations reveal that AK = 0 are the dominant transitions (up to

95%) and the AK = ± 2 (not labeled) transitions are much weaker. Even though

the AK = odd transitions are also dipole-allowed, their intensities are very weak and

they do not appear in the spectrum. Note that AK = odd transitions are associated

with &u + A = odd partial waves of the photoelectron, which, in turn, must originate

from the f (to = 3) component of the la 2' orbital of the ground state. Since the

la"' orbital is essentially an out-of-plane 2p orbital localized on the central carbon

atom, its f wave is negligible. This leads to a A K = even selection rule.

Figure 9 shows the (a) measured and (b) calculated rotationally resolved ZEKE-

PFI spectra of H2 CO for single-photon ionization of the nonbonding 262 orbital

by coherent VUV radiation.2 The calculated spectrum assumes a rotational tem-

perature of 7 K and a photoelectron kinetic energy of 50 meV and is convoluted

with a Gaussian detection function with an FWHM of 1.8 cm-'. Furthermore, we

assume that no spin exchange takes place during the jet-cooled expansion of room-

temperature formaldehyde, i.e., a population ratio of 2:1 is kept for the ortho (B
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symmetry) to para (A symmetry) species. The agreement between calculated and

measured spectra is very encouraging.

(a) measured
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Fig. 9 (a) measured and (b) calculated ion rotational distributions for single-photon

ionization of the 2b2 orbital of the ff 'At ground state of jet-cooled H2CO. The

calculated spectrum is for 7 K and has an FWHM of 1.8 cm-.
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In our calculations we assume that the molecular z axis coincides with the C2

symmetry axis and the x axis lies in the plane of the formaldehyde molecule (ion).

The molecular x, y, and z axes hence coincide with the b, c, and a axes, respectively.

From the parity sclection rules we obtain

AKb + f = odd, (5)

and

A + ==AK.. (6)

From photoionization of the 2b2 orbital of H2 CO, A + A is always odd and, hence,

we have

AKb + AK, = odd. (7)

Clearly, both type e (AK. = odd and AK, = even) and type b (AKa = odd

and AK, = odd) transitions are allowed and type a (AK. = even and AK, =

odd) and other type b (AK. = even and AK, = even) transitions are forbidden.

Furthermore, Eqns. (5-7) show that the allowed type b transitions arise from odd

partial wave contributions to the photoelectron matrix elements whereas the type

c transitions arise from even angular momentum components of the photoelectron.

In Fig. 9 (b), we label several of the more important transitions out of rotational

levels of the ground state of the neutral species leading to different rotational levels

of the ion. The quantum numbers used as labels are NK. K. Note that in this

figure we use the same set of quantum numbers to designate type c transitions out

of the 111 level and type b transitions out of the 1,0 level, since the energies of these

transitions are essentially equal. A similar labeling is also adopted for transitions

out of the 21, and 212 rotational levels. Since the moments of inertia Ib and I, are

almost the same for H2 CO (H2 CO+), the rotationally resolved ZEKE-PFI spectra
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are very congested. Unlike the spectra for H2 0, type b transitions, which arise from

odd waves, cannot be distinguished from type c transitions, which arise from even

waves.
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